Abstract. In this work, we present two sub-categories of models
INTRODUCTION
High damping rubber bearings (HDRB) have been used for seismic isolation of structures worldwide since the 1980's. Given the highly nonlinear material behavior of these devices, no single mathematical model can capture every aspect of their dynamic response [1] . Issues and uncertainties involved in the characterization of their mechanical behavior are coupled bidirectional horizontal motion, coupling of vertical and horizontal motion, strength and stiffness degradation during cyclic loading, and variation in critical buckling load capacity due to lateral displacements. Elementary mechanical models for base isolators comprise (a) a spring to model the elastic response, (b) a plastic slider for time-independent plasticity and (c) a dashpot for viscosity [2] . The simplest model to describe the time-independent plasticity is the bilinear hysteretic model (BHM), which has been used for decades now and combines springs with a plastic slider. In addition to the BHM, smooth hysteretic models have been developed [3] . Furthermore, there exist two basic BHM sub-formulations [1, 4] . However, materials like high damping rubber bearings (HDRB) exhibit hardening behavior at large strain amplitudes. In order to account for this effect, an extension of the BHM was developed as the trilinear hysteretic model (THM) [5, 6] . Apart from use for the simulation of the shear behavior of HDRB, the THM has been used also for single, double and triple friction pendulums, as well as for partition anti-seismic wall elements [7, 8] . The present work investigates two possible variations of the THM that account for either hardening or softening behavior and highlights their differences. To this end, a set of cyclic shear tests on a spare HDRB specimen from the Solarino, Italy building base isolation project [9] are used to validate and subsequently compare these models in terms of their accuracy.
MECHANICAL FORMULATION FOR QUASI-LINEAR HYSTERETIC MODEL
As an extension of BHM to THM, we have the THM1 and THM2 variations in Figs. 1 and 2, respectively [1, 6] . More specifically, the parent element BHM1 of THM1 that consists of a linear elastic spring of stiffness e h h c s k k k u f ) one are presented in Table 1 for both THM. Furthermore, the relationships between the mechanical parameters of the two systems are presented in Table 2 , the compatibility equations are presented in Table 3 , the equilibrium equations in Table 4 and finally the constitutive equations in Table 5 . In the mathematical model, stiffness 0 k corresponds to the elastic phases, stiffness 1 k corresponds to plastic phase 2, and stiffness . In THM1, the change of slope in the plastic phases occurs at displacement We assume that the energy dissipated in the THM1 is k u f u k k . For THM1 to account for larger dissipated energy than the BHM1, the following inequalities must be satisfied in terms of the mechanical and mathematical parameters, respectively: ( 1 2 k k ), the energy in THM1 decreases as compared to BHM1. This outcome can be explained physically, by realizing that the dissipation of all systems is related only to element 2, namely the plastic slider. As element 3 of THM1 becomes stiffer in the case of hardening, it allows for smaller displacements h u in the plastic slider and therefore the dissipation of the system decreases. The opposite is true for the softening case.
It is also of interest to point out that each of the components of the THM2 is a particular case of the THM1 formulation. More specifically, THM1 can be simplified to a trilinear elastic spring for , k k k , see Fig. 3(a) . In this case, element 1 of THM1 will be extremely stiff to account for any deformation and will be neglected, while element 2 will not account for any dissipation ( Table 1 ) is the following: Table 1 ), which results in a two-parameter system.
PARAMETER IDENTIFICATION USING HDRB CYCLIC SHEAR TESTS
In this section, the third cycle of a set of cyclic shear tests that were conducted on a commercial HDRB isolator from the Solarino project at the University of Basilicata in Italy [9] were used for the parameter identification using either THM1 or THM2. The geometrical characteristics of the HDRB are given in Table 7 : Geometrical characteristics of the HDRB isolator Next, two different rate-independent parallel models are used to describe the cyclic shear tests, one being the THM1 and the other THM2. The identification procedure that was used for the definition of the parameters is the CMA-ES algorithm [10] . In Table 8 , the identified mathematical parameters of the THM1 system are presented along with the corresponding mechanical formulations. The identification error 2 e is defined as follows:
where 0i F and i F are the measured and computed force vectors at ten different strain amplitudes, and , A B is the inner vector product. Nine THM1 components are connected in parallel to describe the shear behavior of the HRDB, but some of them represent simplified versions of THM1, see Fig. 3 . Specifically, we have the trilinear elastic spring (components 1, 2 and 3) and the elastoplastic element (components 8 and 9).
We note that the trilinear elastic springs (components 1, 2 and 3) are hardening springs ( 2 1 k k ) accounting for the hardening behavior of the device at higher strain amplitudes, see Fig. 4(a) . On the other hand, components 4, 5, 6 and 7 give softening behavior ( 2 1 k k ), while in all of these cases 2 k is negative, see Figs. 4(b-e). These four components are responsible for describing the increase of dissipated energy as the strain amplitude increases. This combination provides a better description of the behavior during the loading ( 0 uu ) and unloading ( 0 uu ) paths. Additionally, elastoplastic elements (components 8 and 9) describe the energy dissipation for small strain amplitudes due to their small yield displacement y u , see Fig. 4(f) . Finally, Fig. 5 gives a better representation of the comparison of the THM1 system with the experimental results at each level of strain amplitude separately, and clearly shows an almost perfect fit between simulated and recorded curves.
The total number of parameters for the THM1 system is 33 and the identification error is rather small at 2 2.50% e . Six THM2 components are connected in parallel to describe the shear behaviour of the HDRB experiment, and the identified mathematical parameters are presented in Table 9 , along with the corresponding mechanical formulations. Component 1 has softening behavior ( 2 1 k k ), while the remaining components show hardening behavior Table 9 . Components 1 and 2 have a small yield displacement y u and describe energy dissipation for small strain amplitudes, where the rest of the components remain in the elastic range. In Fig. 6 , the overall behavior of the THM2 system is compared with experimental data. The comparison shows that the system fails to describe the larger energy dissipation at larger strain amplitudes. The total number of parameters of the THM2 system is 30, and the identification error is 2 5 .00% e , namely twice that of the THM1 system. Additional THM2 components did not help improve the fitting between experimental and simulated curves, meaning that six THM2 is the limit for this case. In closing, more details on the modelling approach for the THM1 can be found in Ref. [9] , where the THM1 is solved analytically for the case of the single degree of freedom systems. Ongoing work aims to develop numerical implementation for the case of multi-degree of freedom systems. For the case of THM2, the system can be solved by using Newmark's method combined with NewtonRaphson iterations. (2) THM1 becomes a trilinear elastic spring for 
CONCLUSIONS
Two extensions of the well-known BHM are introduced for modelling hardening and softening effects observed in base isolators. More specifically, THM1 exhibits three plastic phases and one elastic phase, while THM2 exhibits three plastic phases and two elastic phases. The change of slope in the plastic phases during unloading ( 0 uu ), does not occur at the same displacement level for either model. Furthermore, the dissipated energy per cycle of amplitude a u decreases in the case of hardening and increases in the case of softening for the THM1 model, while in THM2 model the dissipated energy remains constant. A set of cyclic shear tests on an existing HDRB under a wide range of strain amplitudes shows that the shear behaviour observed can be described by a parallel system, which comprises only one type of component, namely the THM1 with identification error 2 2.50% e . On the other hand, a parallel-type THM2 model fails in describe the behaviour of the HDRB since it does not account for increasing energy dissipation at larger amplitudes (the identification error here is 2 
5.00% e
). Compared to THM2, THM1 has the following advantages: (a) It accounts for larger energy dissipation at larger strain amplitudes; (b) it better describes the behaviour observed during the loading ( 0 uu ) and unloading ( 0 uu ) paths in the HDRB; and (c) through a proper choice of parameters, can be reduced to simpler models, namely a trilinear elastic spring and an elastoplastic element. 5.00% Table 9 : Parallel mechanical system using the THM2 model (30 parameters) Figure 5 : Identification of force-displacement curves of THM1 model using the 3rd cycle of harmonic tests at 10 strain amplitudes, frequency 0.5 Hz, compressive stress 6 MPa (black color: numerical simulations; red color: experimental data)
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